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Abstract. This paper presents the hardware design of an 8x8 bi-dimensional 
Forward Discrete Cosine Transform used in the high profiles of the H.264/AVC 
video coding standard. The designed DCT is computed in a separate way as two 
1-D transforms. It uses only add and shift operations, avoiding multiplications. 
The architecture contains one datapath for each 1-D DCT with a transpose 
buffer between them. The complete architecture was synthesized to Xilinx 
Virtex II - Pro and Altera Stratix II FPGAs and to TSMC 0.35μm standard-cells 
technology. The synthesis results show that the 2-D DCT transform architecture 
reached the necessary throughput to encode high definition videos in real-time 
when considering all target technologies.  
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1   Introduction 

H.264/AVC (MPEG 4 part 10) [1] is the latest video coding standard developed by 
the Joint Video Team (JVT) which is formed by the cooperation between ITU Video 
Coding Experts Group (VCEG) and ISO/IEC Moving Pictures Experts Group 
(MPEG). This standard achieves significant improvements over the previous 
standards in terms of compression rates [1]. 

H.264/AVC standard was firstly organized in three profiles: Baseline, Extended 
and Main. A profile defines a set of coding tools or algorithms which can be used to 
generate a video bitstream [2]. Each profile is targeted to specific classes of video 
applications. The first version of H.264/AVC standard was focused on 
"entertainment-quality" video. In July 2004, a extension was added to this standard, 
called the Fidelity Range Extensions (FRExt). This extension focused on professional 
applications and high definition videos [3]. Then, a new set of profiles was defined 
and this set was generically called High profile, which is the focus of this work. There 
are four different profiles in the High profile set, both targeting high quality videos:  
High profile (HP) includes support to video with 8 bits per sample and with an YCbCr 
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color relation of 4:2:0. High 10 profile (Hi10P) supports videos with 10 bits per 
sample and also with a 4:2:0 color relation. High 4:2:2 profile (H422P) supports a 
4:2:2 color relation and videos with 10 bits per sample. Finally, High 4:4:4 profile 
(H444P) supports a 4:4:4 color relation (without color subsampling) and videos with 
12 bits per sample. 

One improvement present in High profiles is the inclusion of an 8x8 integer 
transform in the forward transform module. This transform is an integer 
approximation of the 8x8 2-D Discrete Cosine Transform (DCT) and it is commonly 
referred as 8x8 2-D DCT in this standard [3].  

This new transform is used to code luminance residues in some specific situations. 
Other profiles support only 4x4 DCT transform. However, significant compression 
performance gains were reported for Standard Definition (SD) and High Definition 
(HD) solutions when larger than 4x4 transforms are used [4]. So, in High profiles, the 
encoder can choose adaptively between the 4×4 and 8×8 transforms, when the input 
data was not intra or inter predicted using sub-partitions smaller than 8x8 samples 
[5][6]. 

Fig. 1 presents a block diagram of the H.264 encoder. The main blocks of the 
encoder [7], as shown in Fig. 1, are: motion estimation (ME), motion compensation 
(MC), intra prediction, forward and inverse (T and T-1) transforms, forward and 
inverse quantization (Q and Q-1), entropy coding and de-blocking filter.  

This work focuses on the design of an 8x8 2-D forward DCT hardware 
architecture, which composes the T Block of H.264/AVC coders when the high 
profile is considered. T module is highlighted in Fig. 1. This architecture was 
designed without multiplications, just using shift-adds operations, aiming to reduce 
the hardware complexity. Besides, the main goal of the designed architecture was to 
reach the throughput to process HDTV 1080 frames (1080x1920 pixels) in real time, 
allowing its use in H.264/AVC encoders targeting HDTV. This architecture was 
synthesized to Altera and Xilinx FPGAs and to TSMC 0.35µm standard-cells and the 
synthesis results indicated that the 2-D DCT designed in this work reaches a very high 
throughput, making possible its use in a complete video coder for high resolutions 
videos. We did not find any solution in the literature which presents a H.264/AVC 
8x8 2-D DCT completely designed in hardware. 
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Fig. 1. Block diagram of a H.264/AVC encoder 
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This paper is organized as follows: section two presents a review of the 8x8 2-D 
forward DCT transform algorithm. The third section presents the designed 
architecture. Section four presents the validation strategy. The results of this work and 
the discussions about these results are presented in section five. Section six presents 
comparisons of this work with related works. Finally, section seven presents the 
conclusions of this work. 

2   8x8 2-D Forward DCT Algorithm 

The 8x8 2-D forward DCT is computed in a separable way as two 1-D transforms: a 
1-D horizontal transform (row-wised) and a 1-D vertical transform (column-wised). 
The 2-D DCT calculation is achieved through the multiplication of three matrices as 
shown in Equation (1), where X is the input matrix, Y is the transformed matrix, Cf is 
the transformation matrix and Cf

T is the transposed of the transformation matrix. The 
transformation matrix Cf is showed in Equation (2) [5][8].  
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(2) 

This transform can be calculated through fast butterfly operations accordingly to 
the algorithm presented in Table 1 [5], where in denotes the vector of input values, 
out denotes the transformed output vector and a and b are internal variables. 

Table 1. 2-D Forward 8x8 DCT Algorithm 

Step 1 Step 2 Step 3 
a[0] = in[0] + in[7];  
a[1] = in[1] + in[6];   
a[2] = in[2] + in[5];   
a[3] = in[3] + in[4];   
a[4] = in[0] - in[7];   
a[5] = in[1] - in[6];   
a[6] = in[2] - in[5];   
a[7] =  in[3] - in[4]; 
 

b[0] = a[0] + a[3];   
b[1] = a[1] + a[2];   
b[2] = a[0] - a[3];  
b[3] = a[1] - a[2];   
b[4] = a[5] + a[6]+ ((a[4]>>1) + a[4]);   
b[5] = a[4] - a[7] - ((a[6]>>1) + a[6]);   
b[6] = a[4] + a[7] - ((a[5]>>1) + a[5]);  
b[7] = a[5] - a[6] + ((a[7]>>1) + a[7]); 

out[0] = b[0] + b[1]; 
out[1] = b[4] + (b[7]>>2); 
out[2] = b[2] + (b[3]>>1);  
out[3] = b[5] + (b[6]>>2); 
out[4] = b[0] - b[1];   
out[5] = b[6] - (b[5]>>2); 
out[6] = (b[2]>>1) - b[3]; 
out[7] = - b[7] + (b[4]>>2); 
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This algorithm was derived from Equation (1) and it needs of three steps to 
compute the 1-D DCT transform. However, in this work the algorithm presented in 
[5] was modified in order to reduce the critical path of the designed architecture and 
to allow a better balanced pipeline when the architecture was designed. This modified 
algorithm was divided in five steps, allowing the architectural design in a five stages 
pipeline. 

The modified algorithm is presented in Table 2 and it computes the 1-D DCT 
transform in five steps. This algorithm uses only one addition or subtraction to 
generate each result, allowing the desired best balancing between the calculation 
stages.  

Table 2. 2-D Forward 8x8 DCT Modified Algorithm 

Step 1 Step 2 Step 3 
a[0] = in[0] + in[7]; 
a[1] = in[1] + in[6]; 
a[2] = in[2] + in[5]; 
a[3] = in[3] + in[4]; 
a[4] = in[0] - in[7]; 
a[5] = in[1] - in[6]; 
a[6] = in[2] - in[5]; 
a[7] = in[3] - in[4]; 

b[0] = a[0] + a[3]; 
b[1] = a[1] + a[2]; 
b[2] = a[0] - a[3]; 
b[3] = a[1] - a[2]; 
b[4] = a[5] + a[6]; 
b[5] = a[4] -  a[7]; 
b[6] = a[4] + a[7]; 
b[7] = a[5] -  a[6]; 
b[8] = a[4]; 
b[9] = a[5]; 
b[10] = a[6]; 
b[11] = a[7]; 

c[0] = b[0]; 
c[1] = b[1]; 
c[2] = b[2]; 
c[3] = b[3]; 
c[4] = b[4] + (b[8]>>1); 
c[5] = b[5] - (b[10]>>1); 
c[6] = b[6] - (b[9]>>1); 
c[7] = b[7] + (b[11]>>1); 
c[8] = b[8]; 
c[9] = b[9]; 
c[10] = b[10]; 
c[11] = b[11]; 
 

Step 4 Step 5  
d[0] = c[0]; 
d[1] = c[1]; 
d[2] = c[2]; 
d[3] = c[3]; 
d[4] = c[4] + c[8]; 
d[5] = c[5] - c[10]; 
d[6] = c[6] - c[9]; 
d[7] = c[7] + c[11]; 

out[0] = d[0] + d[1]; 
out[1] = d[4] + (d[7]>>2); 
out[2] = d[2] + (d[3]>>1);  
out[3] = d[5] + (d[6]>>2); 
out[4] = d[0] - d[1];   
out[5] = d[6] - (d[5]>>2); 
out[6] = (d[2]>>1) - d[3]; 
out[7] = (d[4]>>2) - d[7]; 

 

 

3   Designed Architecture 

Based on the modified algorithm presented in Section 2, a hardware architecture for 
the 8x8 2-D Forward DCT transform was designed. The architecture uses the 2-D 
DCT separability property [9], where the 2-D DCT transform is computed as two 1-D 
DCT transforms, one row-wised and other column-wised. The transposition is made 
by a transpose buffer. The 2-D DCT block diagram is shown in Fig. 2. 

The designed architecture was designed to consume and produce one sample per 
clock cycle. This decision was made to allow an easy integration with the other 
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Fig. 2. 2-D DCT Block Diagram 

transforms designed in our research group for the T module of the H.264/AVC main 
profile [10], which were designed with this production and consumption rates. 

The two 1-D DCT modules are similar; the difference is the number of bits used in 
each pipeline stage of these architectures and consequently, in the number of bits used 
to represent each sample. This occurs because at each addition operation could 
generate a carry out and the number of bits to represent the data increases in one bit. 
Both 1-D DCT modules were designed at the same way and the input and output bit-
widths are changed for the second 1-D DCT module.  

The control of this architecture was hierarchically designed and each sub-module 
has its own control. A simple global control is used to start the sub-modules operation 
in a synchronous way. 

The designed architecture for the 8x8 1-D DCT transform is shown in Fig. 3. The 
hardware architecture implements the modified algorithm presented in Section 2. It 
has a five stage pipeline and it uses ping-pong buffers, adders/subtractors and 
multiplexers. This architecture uses only one operator in each pipeline stage as shown 
in Fig. 3.  

Ping-pong buffers are two register lines (ping and pong), each register with n bits. 
The data inputs serially in the ping buffer, one sample at each clock cycle. When n 
samples are ready at the ping buffer, they are sent to the pong buffer in parallel [11]. 
There are five ping-pong buffers in the architecture and these registers are necessary 
to allow the pipeline synchronization. 

The 1-D DCT was the first designed module. A Finite State Machine (FSM) was 
designed to control the architecture datapath. 

 

 

Fig. 3. 1-D 8x8 DCT Architecture 
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A transpose buffer [11] was designed to transpose the resulting matrix from the 
first 1-D DCT, generating the input matrix to the second 1-D DCT transform. 

The transpose buffer is composed of two 64-word RAMs and three multiplexers 
besides various control signals, as presented in Fig. 4. The RAM memories operate in 
an intercalated way: while one of them is used for writing, the other one is used for 
reading. Thus, the first 1-D DCT architecture writes the results line by line in one 
memory (RAM1 or RAM2) and the second 1-D DCT architecture reads the input 
values column by column from the other memory (RAM2 or RAM1). 

The signals Wad and Rad define the address of memories and the signals Control1 
and Control2 defines the read/write signal of memory. The main signals of this 
architecture are also controlled by a local FSM. 

 

 

Fig. 4. Transpose Buffer Architecture 

Each 1-D DCT architecture has its own FSM to control its pipeline. These local 
FSMs control the data synchronization among these modules. 

The first 1-D DCT architecture has an 8-bit input and a 13-bit output. The 
transpose buffer has a 13-bit input and output. In the second 1-D DCT architecture a 
13-bit input and an 18-bit output is used. Finally, the 2-D DCT architecture has an 8-
bit input and an 18-bit output. 

The two 1-D DCT architectures have a latency is of 40 clock cycles. The transpose 
buffer latency is of 64 clock cycles. Then, the global 8x8 2-D DCT latency is of 144 
clock cycles. 

4   Architecture Validation 

The reference data for validation of the designed architecture was extracted directly 
from the H.264/AVC encoder reference software and ModelSim tool was used to run 
the simulations. 

A testbench was designed in VHDL to generate the input stimulus and to store the 
output results in text files. The used input stimuli were the input data extracted from 
the reference software. The first simulation considers just a behavioral model of the 
designed architecture. The second simulation considers a post place-and-route model 
of the designed architecture. In this step the ISE tool was used together with 
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ModelSim to generate the post place-and-route information. The target device 
selected was a Xilinx VP30 Virtex-II Pro FPGA. After some corrections in the VHDL 
descriptions, the comparison between the simulations results and the reference 
software results indicates no differences between them. 

The designed architecture was also synthesized for standard-cells, using Leonardo 
Spectrum tool, the target technology was TSMC 0.35um. After, the Modelsim tool 
was used again to run new simulations considering the files generated by Leonardo 
and to validate the standard-cells version of this architecture. 

5   Synthesis Results 

The architectures of the two 1-D DCTs and the Transpose Buffer were described in 
VHDL and synthesized to Altera Stratix II EP2S15F484C3 FPGA, Xilinx VP30 
Virtex II Pro FPGA and TSMC 0.35µm standard-cell technologies. These 
architectures were grouped to form the 2-D DCT architecture which was also 
synthesized for these target technologies.  

The 2-D DCT architecture was designed to reach real time (24fps) when 
processing HDTV 1080 frames and considering the HP, Hi10P and H422P profiles. 
Then, color relations of 4:2:0 and 4:2:2 are allowed and 8 or 10 bits per sample are 
supported. In this case, the target throughput is of 100 million of samples per second. 

This section presents the synthesis results obtained considering a 2-D DCT input 
bit width of 8 bits. The synthesis results of the two 1-D DCT modules, transpose 
buffer module and the complete 2-D DCT targeting Altera and Xilinx FPGAs are 
presented in Tables 3 and 4, respectively. 

From Table 3 and Table 4 it is possible to notice the differences between the use of 
hardware resources and the maximum operation frequency reached by the two 1-D 
DCT modules, since the second 1-D DCT module uses a higher bit width than the 
first 1-D DCT module. It is also possible to notice in both tables that the transpose 
buffer uses few logic elements and reaches a high operation frequency, since it is 
basically two Block RAMs and a little control. 

From Table 3 it is very important to notice that the 8x8 2-D DCT uses 2,718 LUTs 
of the Altera Stratix II FPGA and it reaches a maximum operation frequency 
of161.66MHz. With these results this 2-D DCT is able to process 161.66 million of 
 

Table 3.  Synthesis results to Altera Stratix II FPGA 

Total Logic Elements Blocks 
LUTs Flip Flops Mem. Bits

Period 
(ns) 

Throughput 
(Msamples/s) 

 First 1-D DCT 
Transform 

1,072 877 - 5.03 198.77 

Transpose Buffer 40 16 1,664 2.00 500 

Second 1-D DCT 
Transform 

1,065 1,332 - 5.18 193.09 

2-D DCT Integer 
Transform 

2,718 2,225 1,664 6.18 161.66 

Selected Device: Stratix II EP2S15F484C3 
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samples per second. This rate is enough to process HDTV 1080 frames in real time 
(24fps) when the 4:2:0 or 4:2:2 color relations are considered.  

Table 4 presents the results for Xilinx Virtex II Pro FPGA and this synthesis 
reported an use of 1,430 LUTs and a maximum operation frequency of 122.87MHz, 
allowing a processing rate of 122.87 million of samples per second as presented in 
Table 4. This processing rate is also enough to reach real time when processing 
HDTV 1080 frames. 

Table 4. Synthesis results to Xilinx Virtex II - Pro FPGA 

Total Logic Elements Blocks 
LUTs Flip Flops Mem. Bits

Period 
(ns) 

Throughput 
(Msamples/s) 

 First 1-D DCT 
Transform 

562 884 - 6.49 153.86 

Transpose Buffer 44 17 2 2.31 432.11 

Second 1-D DCT 
Transform 

776 1,344 - 7.09 141.02 

2-D DCT Integer 
Transform 

1,430 2,250 2 8.13 122.87 

Selected Device: Virtex II - Pro 2vp30ff896-7 

 
Table 5 shows the synthesis results targeting TSMC 0.35µm standard-cells 

technology for all designed blocks. Besides, this table emphasizes the synthesis 
results of the 2-D DCT architecture including and not including the Block RAMs 
synthesis. From these results it is possible to notice that the number of used gates in 
the architecture with Block RAMs synthesis is almost the double of the architecture 
without Block RAMs. This difference is caused because the memories were mapped 
directly to register banks.  

But nevertheless this architecture is able to process 124.1 million of samples per 
second, also reaching the throughput to process HDTV 1080 frames in real time. 

The presented synthesis results indicate that the 2-D DCT architecture designed in this 
work reaches a processing rate of 24 HDTV 1080 frames per second considering all 
 

Table 5. Synthesis results to TSMC 0.35µm standard-cells technology 

Blocks Total Logic 
Elements (Gates) 

Period 
(ns) 

Throughput 
(Msamples/s) 

 First 1-D DCT 
Transform 

7,510 6.33 158.1 

Transpose Buffer 15,196 4.65 215.2 

Second 1-D DCT 
Transform 

11,230 7.58 131.9 

2-D DCT Transform  
(without RAM) 19,084 7.58 131.9 

2-D DCT Transform 
 (with RAM) 

33,936 8.05 124.1 
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technology targets. This processing rate allows the use of this architecture in H.264/AVC 
encoders for HP, Hi10P and H422P profiles which target high resolution videos.  

6   Related Works 

There are a lot of papers that present dedicated hardware designs for 8x8 2-D DCT in 
the literature, but papers targeting the complete 8x8 2-D DCT defined in the 
H.264/AVC High profile were not found in the literature. There are some papers 
about the 4x4 2-D DCT of the H.264/AVC standard, but not about the 8x8 2-D DCT.  

Only three papers were found about the High profile transforms, but not reporting 
the complete hardware design 8x8 2-D DCT defined in the standard. The first work 
[12] proposes a new encoding scheme to compute the classical 8x8 DCT coefficients 
using error-free algebraic integer quantization (AIQ). The algorithm was described in 
Verilog and synthesized for a Xilinx VirtexE FPGA. This work presented an 
operation frequency of 101.5 MHz and a consumption of 1,042 LUTs, and not 
presented throughput data.  

The second work [13] proposes a hardware implementation of the H.264/AVC 
simplified 8x8 2-D DCT and quantization. However, this work implements just the 1-
D DCT architecture and not the 8x8 2-D DCT architecture.  

The comparison with the first paper [12] shows that the architecture designed in 
this paper presented a higher operation frequency and a little increase in the hardware 
resources consumption. A comparison in terms of throughput was not viable, once 
this data not presented in [12]. The comparison with the second paper is not possible, 
once it reports only an 8x8 1-D DCT and quantization design and this work presents 
an 8x8 2-D DCT.  

Finally, the third work [14] proposes a fast algorithm for the 8x8 2-D forward and 
inverse DCT and it also proposes an architecture for this transforms. But this 
architecture was not implemented in hardware, therefore, it is not possible to realize 
comparisons with this work. 

Other 8x8 2-D solutions presented in the literature were also compared with the 
architecture presented in this paper. These other solutions are not compliant with the 
H.264/AVC standard. Solutions [11], [15], [16], [17] and [18] presents hardware 
implementations of the 8x8 2-D DCT using some type of approximation to use only 
integer arithmetic instead of floating point arithmetic originally present in the 2-D 
DCT. A comparison of our design with others, in terms of the throughput and the used 
technology, is presented in Table 6. The differences between those implementations 
will not be explained, as they used completely different technologies, physical 
architectures and techniques to reduce area and power. 

Throughputs in Table 6 show that our 8x8 2-D DCT implemented in Stratix II 
surpasses all other implementations. Our standard-cells based 8x8 2-D DCT is able to 
process 124 millions of samples per second and it presents the highest throughput 
among the presented standard-cells designs.  

Our FPGA based results could be better had we used macro function adders, that 
are able to use the special fast carry chains that are present in the FPGAs.  

In function of these comparisons, it is possible to conclude that the 8x8 2-D 
Forward DCT architecture designed in this paper has interesting profits in relation to 
other published works. 
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Table 6. Comparative results for 8x8 2-D DCT 

Design Technology Throughput 
(Msamples/s) 

Our Standard-cell version 0.35µm 124 
Fu [15] 0.18µm 75 

Agostini [11] 0.35µm 44 
Katayama [16] 0.35µm 27 

Hunter [17] 0.35µm 25 
Chang [18] 0.6µm 23.6 

Our Stratix II version Stratix II 162 
Agostini [11] Stratix II 161 

Our Virtex II version Virtex II 123 
 

7   Conclusions and Future Works 

This work presented the design and validation of a high performance H.264/AVC 
8x8 2-D DCT architecture. The implementations details, the synthesis results 
targeted to FPGA and standard-cells were also presented. This architecture was 
designed to reach high throughputs and to be easily integrated with the other 
H.264/AVC modules. 

The modules which compose the 2-D DCT architecture were synchronized and a 
constant processing rate of one sample per clock cycle is achieved. The constant 
processing rate is independent of the data type and it is important to make easy the 
integration of this architecture with other modules. 

The synthesis results showed a minimum period of 8.13ns considering FPGAs and 
a minimum period of 8.05ns considering standard-cells. These results indicate that the 
global architecture is able to process 122.87 million of samples per second when 
mapped to FPGAs and 124.1 million of samples per second when mapped to 
standard-cells, allowing their use in H.264/AVC encoders targeting HDTV 1080 @ 
24 frames per second. 

As future works it is planned an exploration in others design strategies for the 8x8 
DCT of the H.264/AVC standard and a comparison among the obtained results. The first 
design strategy to be explored is to implement other 8x8 2-D DCT transform in a parallel 
fashion with a processing rate of 8 samples per clock cycle. Other future work is the 
integration of this module in the Forward Transform module of the H.264/AVC encoder. 
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